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ABSTkLC rT

Hot-sale stiess-corrosion cracking of Ti-6A1-4V, Ti-8A1-lMo-IV, Ti-13V-
IlCr-3A1, Ti-6Al-bV-2Sn, and Ti-679 was investigated for both continuous ex-
posure and a specified, cyclic, thermal exposure representing a typical Mach
3 mission. The effects of heat treatment and material thickness were also
studied.

Initial tests on fatigue-cracked specimens showed that hot-salt stress-
corrosion cracking is not controlled by fracture mechanics because new sur-
face cracks nucleate and grow in preference to an existing fatigue crack.
Therefore, all subsequent tests were conducted on smooth specimens.

At 450F, only mill-annealed Ti-8Al-lMo-lV showed stress-corrosion crack-
ing. At 550F and 650F, Ldividual threshold values of stress were established
for each material below which no cracking occurred for either continuous or
cyclic exposure. Most of these threshold levels lay between 0.35 and 0.50 of
the yield strength at 550F and between 0.25 and 0.45 of the yield strength
at 650F.

At stress levels jusu above threshold values, cyclic nucleation times
were substantially longer than continuous nucleation times. As the stress
level increased, .this difference decreased, and at high stress levels, both
nue.leation times were essentially the same. Welding produced no detrimental
e'fects on the stress corrosion behavior of Ti-8A1-lMo-IV and Ti-6A1-4V.
Wedded specimens had much longer nucleation times, cyclic or continuous, than
the parent metal at 550F; at 650F, the continuous nucleation ti'ies for welded
specimens approximated those for the parent materials, but the cyclic nuclea-
tion times were substantially longer. The behavior of welded sp2cimens may
have been influenced by the presence of compressive surface residual stresses
produced during specimen preparation.

The kinetics of the formation of TiCl 2 on NaCl-coated titanium alloys
and of its decomposition at room temperature were measured by X-ray diffrac-
tion. Detectable amounts of TiC1 2 appeared after periods of 0.25 to 17 hours
for various alloys at temperatures from 550F to 730F. Decomposition times at
room temperature were relatively constant at 4 to 5 hours. Specimens were

subjected to a special cycle of heating at 550F for less time than that to
produce detectable TiC12 and holding at room temperature for longer than
needed to decompose TiC1 2. These specimens did not show cracking in times
well beyond the nucleation times for the standard cycle.

The results of this program indicate a 3trong possibility for eliminat-
ing hot-salt stress corrosion of titanium structures operating above 550F,
even at high stresses, if the thermal cycles to which the structure is exposed
can be controlled. The time at temperature should be less than the time to
form TiCI 2, and the time betueen cycles at room temperature greater than the
time required to decompose TiCl 2.

This abstract is subject to special export controls and each transmittal
to foreign governments or foreign nationals may be made only with prior
approval of Air Force Materials Laboratory (MAAS), Wright-Patterson Air Force

£ *Base, Ohie 45433.
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I INTRODUCTION

Laboratory tests have established that titAnlum alloys are susceptible

to hot-salt stress-corrosion cracking at elevat.ed temperatures. In contrast,
:tress-corrosion cracking has not been found !.n titanium parts operating in
-ircraft at elevoted temperatures in a marinf atmosphere. However, the majcr-
ity of laboratory tests have been based upor continuous elevated-temperature
exposures, whereas service experience has lavolved short-time cyclic exposures

at elevated temperatures. Limited laboratory data \  have shown that hot-salt
stress corrosion is reduced significantly 1;y thaermal zycling.

A plausible explanation for this ai.oma'ly if that hot-salt stress corro-
sion of titanium alloys requires a nucleation time at elevated temperature to
establish the chemical cell necessary Zor initiation of stress-corrosion

cracking. Each time the temperature is reducod, the equilibrium chemical cell

may be changed in a manner to retard or stop the stress-corrosion process.

Upon reheating to an elevated temperature, time may be required to renucleate

the stress-corrosion chemical cell before cracking is possible. If typical

flight profiles involve thermal exposure times less than the nucleation time,

stress-corrosion cracking may be suppressed,

The purpose of this inveatigation has been to determine nucleation times

for hot-salt (NaCl) stress corrosion as a function of stress and temperature
for several titanium alloys under continuous and cyclic thermal exposures.
This information wil eatablish:

1. Whether thermal conditions in real flight are close to a critical

time of nucleation.

2. Whether repeated thermal exposures below a nucleation time are

independent or cumulative to soume degree with respect to stress-
corrosion cracking.

Single-edge-notched and fatigue-cracked specimens, modified NASA self-

stressed specimens, and smooth tensile specimens were selected for determina-

tion of stress-corrosion nucleation times.under cyclic and continuous thermal
exposures.

II MATERIALS

Titanium alloys included in this program are TI-6A1-4V (T164), Ti-bA1-
IMo-lV (Ti8ll), and Ti-13V-llCr-3AI (B120) in the form of 0.030 -0.040 inch
sheet and 1/8-inch plate, and Ti-6A1-6V-2Sn (Ti662) and Ti-2.5A1-ll.5Sn-6Zr-
l.2Mo-0.27Si (T1679) in the form of 1/8-inch plate. Weldments of 1/8-inch
Ti8llDA (duplex annealed) and Ti64STA (solution treated end aged) were also
included. The alloys were procured from Tit,unium Metals Corporation of
America with the as-received heat treatments and chemical anaiyses show-n in
Table I.

i1
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III PROCEDURES

MECHANICAL PFOPERTIES

Trans'?erse tensile properties of the alloys were determined aL 450F9
550F, and 650F to qualify the prc3ram materials and heat treatments. Several
tensile coupons of each alloy were tested in the as-received condition or
heat treated according to the schedule shown in Table II. Tensile coupons of
Tigll, T164, and B120 were annealed in a cold-wall vacuum furnace. Solution-
treated tensile specimens of B120 were encapsulated in an evacuated envelope
of stainless steel and aged in a recirculatiig air furnace.

The T1662 tensile coupons were solution treated in an air furnace and
water quenched. Surface contamination was removed by alternately etching in
a 5HF-35HN03-60H20 solution operating at room temperaZure and brushing to
remove corrosion products. A total etching time of 30 minutes was employed
to remove 0.002 inch per side. Subsequent aging of these specimens was per-
formed in the cold-wall vacuum furnace.

Because the T1679 was received sheared to 6-inch lengths, the 1/2-inch
wide tensile specimens made from it had only 1-inch gage lengths. Other
alloys were tested using standard specimens of 2-inch gage length and 1/2-
inch width.

EDGE-NOTCHED SPECIMENS

Figure 1 shows the single-edge-notched and fatigue- cracked specimens of
sheet and plate which were employed to study stress-corrosion nucleation
times in the presence of a crack. Each specimen was scrubbed with cleanser
and alkaline uleaned prior to tension-tension fatigue cracking at a net sec-
tion stress of approximately 20,000 psi maximum and 2000 psi minimum using
a 3600 cpm fatigue machine.

Salt was placed in the fatigue cracks as discussed in a subsequent sec-
tion of this report. In some cases, the specimen surfaces were also coated

with 0.002 + 0.0005 inch of NaCl applied by heating the specimens to 400-450F
followed by spraying a hot aqueous solution of NaCl.

Specimens were dead-weight loaded in a lever-arm fixture and heated by
quartz lamps. A transit was used to measure crack growth during a test.
After testing, specimens were fractured and examined visually and by electron
microscope fractography. The nucleation time for stress corrosion was defined
as the time required to produce 0.004- 0.010 inch of crack growth by stress
corrosion.

SELF-STRESSED SPECIMENS

Modified NASA self-stressed sheet specimens were fabricated from 4 x
0.350 x 0.035- 0.040 inch strips to provide a widh-to-thickness ratio of
approximately 10 and a biaxiality ratio of 0.50(2). The standard NASA speci-
men of 1/4-inch width provided a width-to-thickness ratio of 6.25 and a biaxi-
ality ratio of 0.45 using 0.040-inch-thick material.

iS!.
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EDGE-NOTCHED SHEET
1/2 DIA. TYP.DIA.YYP600 0.362

+_ ROLLING 11/2DIRECTION

I , 3/42.25
6

FATIGUE CRACK LENGTH - 2.5E

(0.i00 ± 0.010 INCH) FROM NOTCH ROOT

1/2 DIA. TYP. EDGE-NOTCHED PLATE

60.150

ROLLING

DIRECTION 
1/2

314

2. 250

6

FATIGUE CRACK LENGTH - 2.5t
(0.312 ± 0.,010 INCH) FROM NOTCH ROOT

FIGURE 1 SINGLE-EDGE-NOTCHED SHEET AND PLATE SPECIMENS



It

Specimen blanks were sheared with the width parallel to the rolling direc-
tion and machined to size. The ends were bent to the desired angle, and the
strips were alkaline cleaned, etched in a 2HF-25HN03-73H 20 solution, and spot
welded together to produce the configuration shown in Figure 2. The bend
angle required to produce a given stress was determined by trial and error.
The separation distance, d, (Figure 2) required to produce a given stress was

determined from the following relationship(3):

d = tE (t2 C2)1/ 2

where
t = sheet thickness - inch

E = Young's modulus at test temperature - psi

a = maximm fiber stress - psi

C = 2.5 inches.

The center regions of each specimen were coated with 0.002 + 0.0005 inch
of salt on the tension sides using the hot spray technique. After thermal
exposure, salt and corrosion products were removed by scrubbing with cleanser
followed by swab etching in 2HF-25HN03-73H20; visual examination at 5OOX was
employed to detect stress-corrosion crack formation,

SMOOTH TERSILZ SPECIMENS
Smooth tensile specimens were fabricated to the configuration shown in

Figure 3. Since thickness varied somewhat aong the sheet and plate materi-
als, specimen widths were adjusted to provide specimens of constant cross-
sectional area.

Procedures for cleaning, salt coating, removal of salt and corrosion
products, and examination for cracking followed those for self-stressed
specimens. Testing wat conducted under dead-weight lever-arm loading and
quarts-lamp heating as employed for the fatigue-cracked specimens.

WELDED SPECIMENS

Several Ti64STA (solution treated and aged) and Ti811DA (duplex ann.aled)
plates 3 x 15 x 1/8 inch were welded by the automatic TIG process using the
welding parameters shown in Table III. A double bevel was used for joints
welded with comercially pure titanium (Ti-75A) filler to minimize base alloy
dilution. The weld bead was milled flush with the base alloy and approxi-
ate.y .002 inch was also removed simultaneously from the heat-affected zone
and adjacent base alloy. Each weldment was X-rayed before smooth tensile
specimens were mach!ned to configuration shown in Figure 3. The fusion zone
of each specimen was on the specimen centerline perpendicular to the loading
direction and parallel to the rolling direction. Machined surfaces were hand-
sanded to provide a smooth surface for examination after stress-corro-ion
testing. Cleaning, salt coatinga and testing procedures were the same as the
procedures used for smooth tensile specimens of the parent materials.

!S



TRANSVERSE
0.035 - 0.040 " DIRECTION

4 / 0.350

2 1/2

3 16

II

SPOT
WELD

FIGURE 2 MODIFIED NASA SELF-STRESSED SPECIMEN
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ROLLING
DIRECTION

1/12 DIA. 1/

2

1 1/2

0.002 ± 0.0005

H 6

ALL DIMENSIONS IN INCHES

ALLOY THICKNESS "A" DIMENSION

Ti-8Al-lMo-V 0.035 Inch 0.557 Inch
Ti-8AI-Mo-V 0.125 0.500
Ti-6AI-4V 0.039 0.500
TI-6A1-4V 0.120 0.520
Ti-13V-llCr-3Al 0.042 0.465
Ti-13V-llCr-3Al 0.120 0.520
Ti-6A!-6V-2Sn 0.120 0.520
Ti-2.5A1-II.5Sn 0.132 0.475
GZr-1.2Mo-.27Si

FIGURE 3 SMOOTH TENSILE SPECIMEN



CYCLIC THERMAL EXPOSURES

For determination of nucleation times under cyclic thermal exposures,
the following standard cycle was specified:

1. Heating to test temperature in 10 to 15 minutes.

2. Holding at temperature for three hours.

3. Cooling for 45 to 50 minutes.

Figure 4 shows typical thermal cycles for specimens of sheet and plate
tested at 550 and 650F. This cycle was repeated continuously by an automatic
programing system. In the case of self-stressed specimens, two of the above
cycles were performed each day, and the specimens were stored overnight in a
desiccator.

A special cycle (Figure 5) was employed on several specimens of TiBlIDA
sheet at 550F. This cycle was repeated continuously by an automatic program-
sing system.

X-R&'Y DIFFRACTION NEASURDENTS

Hot-stage X-ray diffraction was used on NaCl-coated specimens of titani-
un-sheet to determine the time required to form TiC12 at elevated tempera-
turesp and the time for TiC12 to decompose at room temperature. All measure-
sents were taken using a Norelco diffractometer and copper K 0 radiation at
50 Kvp and 20 =a. A sample area of approximately 1/2-inch by 3/4-inch was
covered by the X-ray beam.

All specimens were sprayed with a hot NaCl solution to develop a thick-
ness of 0.001 inch of NaCl e.r 0.002 inch of NaCl which was then microtomed
to 0.001 inch. 3oth techniques produced equivalent test results. The stand-
ard 0.002 inch coating could not be utilized because the diffracted X-ray

'bus ware absorbed by the thicker salt layer.

IV RESULTS AND DISCUSSION

MECHANICAL PROPERTIES

Most alloys are more susceptible to stress corrosion in the transvL.se
direction than in the longitudinal direction. Thus, all testing was per-
foiued on transverse specimens. Transverse mechanical properties at 450,
550, and 650F are listed in Table IV. The alloys and heat treatments were
considered acceptable based on the mechanizal properties obtained. Young's
sodulus data were obtained primarily for calculation of stress levels on
self-stressed specimens.

11e



550F PLATE
650F PLATE

700

600

. 500 -\

S400 -

300 --

200

100

0 -
0 1 2 3 4 5

~TIME (HOURS)T550F SHEET
- - 650F SHEET

700

600 -
- 500

400

~300

200 - - - - - - - - -

0 1 2 3 4 5

TIME (HOURS)

FIGURE 4 TYPICAL STANDARD THERMAL CYCLES FOR
SPECIMENS OF SHEET AND PLATE
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EDGE-NOTCHED SPEC IMENS

The edge-notched and fatigue-cracked specimens tested were of Tigll
alloy primarily, although some testing was performed on the other program

alloys. In order to obtain reproducible nucleation times for Etress corro-
sion, it was necessary that the salt be placed at the crack tip. Initially,
each specimen was fatiquu-cracked, static loaded to open the crack, and
saturated salt solution was placed at the notch root. Approximately one hour
was required for the salt solutiou i o flow to the tip of the crack by capil-
lary attraction. Surfaces of some specimens were then coated with salt while
surfaces -f other specimens were left uncoated.

Considerable scatter in stress-corrosion nucleation times was observed
for specimens prepared by the above-mentioned method. This was attributed to
difficulties in flowing the salt solution to the crack tip in a consistent
and reproducible manner. Therefore, a new procedure was adopted. A drop of
NaCl solution was placed at the notch and pumped into the existing fatigue
crack by cycling between a 1 and 5 ksi net-section stress. Salt solution was
placed at the crack tip very effectively using this procedure, which was em-
ployed for all subsequent tests.

Typical results of visual and fractographic analyses are shown in Figures
6 and 7 for Ti8llDA sheet and plate specimens tested at 80OF. In all cases,
the fatigue cracks were typified by regularly-spaced fatigue striations.
Salt at the crack tip produced t stress-corrosion crack-extension easily
identified by the presence of a dark band just beyond the fatigue-crack
front. Formation of this band was characterized by an initial crack ex-
tension of approximately 0.00, to 0.01 inch which was defined as stress-cor-
rosion nucleation. However, after the initial crack extension, further

growth of the crack became very slow. Presumably, this occurred because
solid salt was not effectively transported to the tip of the crack. This
type of behavior was Zserved in specimens containing salt in the cracks as
well as specimens which contained salt on the surfaces and in the cracks.
Stress corrosion tests at 550F and 650F produced similai. results.

Fractographs of the dark bands just beyond the fatigue cracks show
transgranular cleavage-type fracture typified by planar cleavage facets.
This fracture topology apparently characterizes hot-salt stress corrosion

of Ti81DA. This fracture topology is also shown (Figure 6) in the area

where surface salt had produced severe inward stress corrosion. These fracto-

graphs show no evidence of corrosion-product formation in the dark bands just

beyond the fatigue crack.. It is believed that the low quantity of salt at

the crack tip could not produce corrosion products visible at this magnifi;a-

tion, since a heavy formation of corrosion products was observed in the 
streas-

corrosion regions initiating from the salt-coated surfaces (Figure 6).

The styrss-corrosion fracture topology was not comparable to notch-

initiated frac ueswhich normally show a transgranular, dimpled structure
for this aloy 4) In addition, this topology was not zaused by oxidation

alone since one fatigue-cracked plate sample with no salt was exposed for

30 hours at 800F at a net-section stress of 15 ksi. No evidence of crack

14
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extension or of the dark stress-corrosion band was observed.

Additional specimens with and without salt at the crack tip were coated
WiLn 0.002 inch of NaCI and exposed in the 550F to 80OF range. Results of
these tests led to several conclusions concerning the use of fatigue-cracked
specimens to determine stress-corrosion nucleation times. These conclusions
are as follows:

I. Salt on the surface alone produced no growth of the existing fatigue
crack, but did produce nucleation arnd growth of surface stress cor-
rosion cracks in the high stress region near the crack tip. Since
the stress field varied in this regionp it was difficult to corre-
late crack-nucleation time with stress level.

2. Salt on the surface and at the crack tip produced growth of the
existing fatigue crack by stress corrosion and the formation of new
surface cracks as discussed above. The nucleation and growth of new
surface cracks produced a greater loss in net-section area than
growth of the existing fatigue crack.

3. Salt at the crack tip alone produced an initial growth of the fatigue
crack by stress corrosion. However, times required to produce this
growth were not reproducible. After 0.004- 0.010 inch of crack
growth, the growth rate decreased very substantially because the salt
was not transported to the crack tip. Thus, the corrosive environ-
ment at the crack tip was not constant.

The approaches employing salt on the surface are not controlled by frac-
ture mechanics, i.e., only growth of the existing fatigue crack, because addi-
tional surface cracks nucleate and grow independent of the existing crack.
The approach with salt at the crack tip alone follows fracture wechanics, but
experimental problems produced a high degree of scatter in nucleation 'imes.
A real structure in service would undoubtedly have salt on the surface and in
existing cracks. Thus, loss of load carrying ability would be dependent pri-
marily upon loss of net-section area caused by nucleation and growth oi new
surface cracks and not growth of an existing crack by stress-corrosion.

Since the above observations show that hot-salt stress corrosion of tita-
nium alloys is not controlled by fracture rechanics, use of fatigue-cracked
specimens is not necessary and, indeed, is inadvisable because of poor test
reproducibility. Therefore, smooth tensile specimens were employed for the
remainder of this program.

SELF-STRESSED SHEET SPECIMENS

Stress-zorrosion nucleation cimes obtained under continuous thermal ex-
posure at 450F are sumnmarized in Table V. The Ti8llMA sheet stressed at 95
ksi exhibited a stress-corrosion nucl*ation time of 1000-1500 hours. The re-
maining alloys showed no stress corrosion after 2550 hours of exposure at
stresses of approximately 60%-90% of their yield strengths at 450F, Since
these data indicated that hot-:alt stress-corrosion cracking was not a signi-
ficant problem at 450F, further testing was concentrated at 550F and 650F
where the problem was potentially more severe.

17
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TABLE V

CONTINUOUS STRESS-CORROSION NUCLEATION TIMES
AT 450F ON SELF-STRESSED SHEET

(i) TEST STRESS APPROXIMATE NUCLEATION
ALLOY (ksi) PERCENTAGE OF TIME

450F YIELD STRENGTH (hours)

Ti64STA 80 65 >2550
95 80 >2550

Ti64A 80 80 >2550

Ti8IDA 80 75 >2550

95 90 >2550

Ti81lMA 80 70 >2550
95 85 1000-1500

B±2OSTA 120 70 >2550
140 85 >2550

B120A 80 75 >2550
95 90 >2550

NOTE: (1) STA - Solution Treated and Aged
A - Annealed
DA - Duplex Annealed
MA - Mill Annealed



Table VI shows the stress-corrosion nucleution times obtained under con-

tinuous thermal exposures and the specified, standard, cyclic thermal expos-
ures at 650F. in general, continuous nucleation times were longer than a
single Mach 3 mission, but several orders of magnitude shorter than the over-
all design life of a Mach 3 aircraft. With the exception of B120 in both
heat-treat conditions, the cyclic nucleation times were essentially equivalent
to the continuous nucleation times. The cyclic nucleation times for B120STA
and B120A at 40 ksi are highly stress dependent and this suggested that a de-
crease in test-stress levels for all program alloys would show larger differ-
ences between cyclic and continuous nucleation times.

SMOOTH TENSILE SPECIMENS

Smooth tensile specimens of sheet and plate were employed for the major-
ity of teets on this program rather than self-stressed specimens. Dead-
weigh,'-loae-. tensile specimens offered the advantages of more accurat6ly de-
fined stresses, elimination of stress changes caused by relaxation, and a
cross-section at a constant stress rather than a var ing stress.

Several tests were conducted under continuous thermal exposure at 650F
to determine stress-corrosion nucleation times as a function of rolling direc-
tion. Plate specimens of Ti8llDA exposed at 70 ksi exhibited stress-corrosion
nucleation times of 28 hours and less than 6 hours in the longitudinal and
transverse directions, respectively. Plate specimens of Ti64STA exposed at
60 ksi exhibited nucleation times of 11 hours and less than 6 hours in the

longitudinal and transverse directions, respectively. These limited data
showed that hot-salt stress corrosion occurred more rapidly in the transverse
direction than the longitudinal direction, which is typical of a large number
of stress corrosion processes. Therefore, all further tests on smooth speci-
mens were conducted on transverse specimens to represent the worst conditioio

Stress-corrosion nucleation times are shown in Figures 8 through 15 for
continuous thermal exposure and the specified, cyclic, thermal exposure.
Nucleation times are plotted as a function of the ratio of test stress ( 0sc)
to yield strength (Uys) at 550F and 650F in order to normalize differences in
strength levels of various alloys. On these curves, points with arrows point-
ing to the left indicate specimens which exhibited relatively large cracks and
were therefore 2xposed beyond the nucleation time. An arrow to the right in-
dicates that no cracking had occurred at the time indicated. Many data points
from early tests which did not contribute to a close definition of nucleation
times were omitted to make these figures clearer.

In general, the data in these figures were only in fair agreement with
comparable risults obtained on self-stressed specimens. However, the data for
self-stressed specimens were considered less accurate because loading condi-

tions were not as well defined as they were for the smooth-tensile specimens.
In addition, the thermal cycles for self-stressed and smooth specimens were
somewhat different. Self-stressed specimens were held overnight at room te-
perature whereas smooth specimens were cycled continuously.

Figures 9, 11, 13, 14, and 15 show that most of the alloys tested at

650F exhibited continuous nucleation times of 10 hours or less at asc/oy
ratios as low as 0.5. Thus# nucleation of stress corrosion cracks at 65;;

was very rapid and, iii many cases, well within the time-at-temperature of a
single Mach 3 mission. At 550F (-igures 8, 10, 12, 14, and 15) and Usc/ oys
ratios of 0.5 or less, continuous nucleation times were generally greater than



TABLE VI

CONTINUOUS AND CYCLIC STRESS-CORROSION NUCLEATION
TIMES AT 650F ON SELF-STPESSED SHEET

TEST APPROXIMATE CONTINUOUS CYCLIC (2)
STRESS PERCENTAGE OF NUCLEATION NUCLEATION TIME

ALLOY" )  (ksi) 650F YIELD STRENGTH TIME(hours) (TIME AT TEMP.)(hours)

Ti64STk 60 55 52.5 * 2.5 51

80 70 23 * 2 Between 21-111

Ti64A- 60 70 70 + 2 72
75 90 9 * 1 Between 9-45

Ti8llD& 60 65 52.5 * 2.5 51
80 85 23 + 2 21

Ti8lIMA 60 60 7 * 1 6
80 75 7 th1 6

B120STA 40 25 22.5 2.5 >210
80 50 Loe than 1
120 75 Less than 1

B12GO. 40 40 96 >210

60 o0 Less than 1
80 80 Loss than 1

NOTES: (1) STA - Solution Treated and Aged
A - Annealed
DA - Duplex Annealed
MA - Mill Annealed

(2) Thermal Cycle:
a. Heating to 650F in 10-15 minutes
b. Holding at 650F for three hours
c. Cooling for 45-50 minutes
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a single Mach 3 mission, but several orders of magnitude less than the design
life of a Mach 3 aircraft. At higher asc/ a ratios, continuous nucleation
times varied greatly depending upon the specific alloy, its heat treatment,
and its gage; nucleation times for some alloys were less than a single Mach 3
mission; whereas, other alloys exhibited longer nucleation times.

No general trends were observed in continuous nucleation times as a func-
tion of material thickness in the Ti8ll and B120 alloys. At 550F and 650F,
the Ti64 alloy in plate form exhibited shorter continuous nucleation times
than sheet in both heat treat conditions. However, the differences between
nuclcation times for sheet and plate specimens of a specific alloy were relat-
ively small.

Heat treatment produced significant effects on continuous tucleation
times at 550F and 650F. Figures 8 and 9 show that stress-corrosion cracks
generally nucleated more rapidly in Ti64STA than in Ti64A. Similarly,
Ti8llMA exhibited shorter nucleation times than Ti8llDA (Figures 10 and 11).
Figures 12 and I? show that nucleation times for B120STA were considerably
shorter than for Bl2OA. At 550F, Ti662A exhibited much shorter nucleation
times than Ti662STA, but this trend was reversed at 650F (Figure 14).

'Differences between continuous and cyclic nucleation times depended upon
the specific alloy and its condition. Cyclic nucleation times were substan-
tially longer than continuous nucleation times at asc/Oys ratios in the
range of 0.3 to 0.6. At ratios above approximate* 0.6, cyclic and continuous
nucleation times were essentially equivalent. Several exceptions which still
showed significantly longer cyclic nucleation timea well above a ratio of 0.6
were the following:

Ti64STA Sheet 550 and 650F (Figures 8 and 9)

Ti64A Sheet 550 and 650F (Figures 8 and 9)

Ti8llDA Sheet 550F (Figure 10)

Ti8l1MA Sheet 550? (Figure 10)

Ti8llDA Sheet 650F (Figure 11)

Figures 8 through 15 showed a strong trend toward the development of
threshold asc/ oy ratios below which stress corrosion would not occur under
continuous or cyclic thermal exposures. Approximate threshold ratios for
stress corrosion are su-iarized in Table VII. In most cases, there was no
significant difference between the threshold Gasc a ratios for continuous
and cyclic exposures. Only Ti662A plate tested at 350F and 650F (Figure 14)
and TigllMA sheet tested at 650F (Figure 11) had cyclic threshold-ratios that
were somewhat higher than continuous threshold-ratios. For most of the alloys,
threshold ratios under cyclic and continuous exposures fell within the bands
of 0.35 to 0.50 at 550F and 0.25 to 0.45 at 650F. Thus, as the test tempera-
ture was increased from 550F to 650F, the thzeshold ratios decreased only
moderately.
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Stress-corrosion susceptibility ratings for the program materials were
determined based upon threshold loading conditions for stress corrosion under
cyclic thermal exposures at 550F and 650F. Since threshold levels were almost
idenLical under continuous and cyclic exposures, the ratings were essentially
the same for either case. Ratings based upon threshold Osc/ Oys ratios are
shown in Table VIII. At 550F, Ti679STA plate and B120A plate were least sus-
ceptible to stress corrosion; B120STA sheet and Ti8ll sheet and plate in both
heat-treat conditions were most susceptiois. At 650F, the susceptibility rat-
ings changed significantly; Ti64A sheet was ieast susceptible to stress corro-
sion and Ti622STA plate was most susceptible.

S.ress-corrosion susceptibility ratings were also determined based upon
threshold stress levels (usc), as shown in Table IX. This rating system did
not change relative positions of alloys substantially, except for B12OSTA
sheet and plate. The high strength of this alloy resulted in low stress-cor-
rosion susceptibility based upon a threshold asc rating, but a high suscepti-
bility based upon a threshold asc/ Gys rating.

The above rating methods, based upon threshold loading conditions, show no
beneficial effects from the thermal cycle used in this program. At loading
conditions below threshold levels, stress corrosion cracking did not occur
under continuous or cyclic exposures. However, at loading conditions just
above the threshold levels, cyclic exposures produced a substantial increase
in stress-corrosion nucleation times in most cases. At higher loading con-
ditions, there was no benefit from cyclic exposures because continuous and
cyclic nucleation times were essentially equivalent. Therefore, the thermal
cycle used in this program reduced stress corrosion cracking only within a
region of moderate stresses. If higher sustained stresses are encountered in
a typical Ma-h 3 titanium aircraft structure operating at 550F to 650F, the
thermal cycle of this program would produce no major reduction in hot-salt
stress-corrosion cracking.

WELDED SPECIMENS

The continuous and cyclic nucleation times obtained for welded specimens
of Ti8llDA and T164STA are compared with those for parent materials tested at
the same stresses and temperatures (Table X). Welding produced no detrimental
effects on the stress corrosion behavior of the TiSllDA and Ti64STA. At 550F,
the weldments exhibited longer continuous nucleation time than parent materi-
als. At 650F, continuous nucleation times for welds were equal to or slightly
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longer than nucleation times for parent materi&ls, with one exception. The

TI64STA welded with T164 filler exhibited substantially longer continuous
nucleation times than parent material. Comparison of cyclic nucleation for
weldments and parent materials showed the welds to exhibit substantially
longer cyclic nucleation times than parent materials, particularly at 650F.

These results indicated that, based upon nucleation behavior, the most stress-
corrosion-sensitive region of weldments on these alloys was the parent materi-
al.

In contrast, Turley and Avery5 and Newcomer, Tourkakis, and Turner
6

conducted very limited hot-salt (ASTM synthetic se& salt) stress corrosion
tests at 600, 700, and 800F on welded and stress-relieved specimens of Ti64A
and Ti8ll (triplex annealed). Both investigations showeA that welded and
stress-relieved specimens exhibited lower stress-corrosion threshold stresses
than parent material specimens. Turley and Avery5 said that, "Since the weld
zonc or heat-affected zone was not always the initiation point of stress-cor-
rosion fracture and yet welded specimen threshold stresses were lower than
those for the basic material, we consider it likely that the stress relief
treatment was the major foctor in lowering threshold stresses of the welded
specimens." The results of Newcomer, Tourkakis, and Turner6 showed the same
type of behavior.

Results of this investigation were considerably different than the re-
sults of the studies mentioned above. These latter results were obtained from
specimens which were stress relieved after welding with no machining of the
weld bead. In this investigation, no post-weld stress relief was employed,
and the weld bead was milled flush with the base alloy. Approximately 0.002
inch was also removed simultaneously fr-a the heat-affected zone and adjacent
base alloy during the milling operation.

It would not be expecte that all of the microstructures represented by
the fusion and heat-affected zones would be less susceptible to stress corro-
sion than parent materlL However, the welded specimens did in fact exhibit
lower stress corrosion susceptibility than parent material. It is possible
that machining produced residual surface compressive stresses which decreased

stress corrosion susceptibility. Additional tests are required to verify this
hypothesis.
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TABLE VIII

STRESS-CORROSION SUSCEPTIBILITY OF TITANIUM ALLOYS

BASED UPON CYCLIC I RESHOLD-STRESS RATIOS

550F 1 650F
CYCLIC THRESHOLD QXCLG M HOLD

ALLOY asc ALLOY _sc

= s Gym
Ti679STA Plate .62 Ti64A Sheet .54

B120A Plate .57
T164STA Sheet .49

TI64STA Sheet .50 BI20A Sheet .45

Ti64A Sheet .30 Ti8llMA Sheet .39

Ti662A Plate .50 Ti679STA Plate .38

Ti662STA Plate < ,58 Ti64STA Plate .37

B120A Sheet .49 B120A Plate .36
TB64STA Plate .46 T1662A Plate .35

T164A Plate .43

B120STA Plate .42 Ti64A Plate -.31

Ti8llMA Plate .30
Ti~llDA Sheet .38 Ti~llDA Plate .29

TL811DA Plate .38 Ti~llDA Sheet < .42
Sheet .36 B120STA Plate .28

Til1MA Plate .36 B120STA Sheet .26

BI20STA Sheet - .30
T1662STA Plate < .20

Increasing Susceptibility

to Stress Corrosion
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TABLE IX

STRESS-CORROSION SUSCEPTIBILITY OF TITANIUM ALLOYS

BASED UPON CYCLIC THRESHOLD STRESSES

550F 650F

CYCLIC THRESHOLD CYCLIC THRESHOLD
ALLOY STRESS (ksi) ALLOY STRESS (ksi)

Ti679STA Plate 74 TI64STA Sheet 53

TU662STA Plate < 79.5 T164A Sheet 47

B12OSTA Plate 62.5 BI20A Sheet 47

Ti662A Plate 62.5 Ti64STA Plate 44

B120A Plate 61 TI679STA Plate 43.5

T1662A Plate 42.5
T164STA Sheet 57.5SB120STA Plate 42

Ti64STA Plate 56.5

B120A 3heet 52 Ti8'iMA Sheet 39

B120STA Sheet 50 B12OSTA Sheet 39

B120A Plate 37
T64 Plate 46.5

T164A Sheet 45 T164A Plate -32

Ti8lL4A Plate 30
TI8lDA Sheet 38 Ti8llDA Plate 27

Ti8llDA Plate 38 TillDA Sheet < 39
Tt8l1MA Sheet 37TST1662STA Plate < 26.5

Ti8llMA Plate 37

Increasing Susceptibility
To Steess Corrosion
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MECHANISM FOR CYCLIC STRESS-CORROSION BEHAVIOR

The cyclic stress-corrosion data obtained on this progran indicate that
under the test conditions employed, cyclic exposures alleviated hot-saIL
stress-corrosion cracking but did not eliminate the problem. These data do
not fully explain the absence of hot-salt stress corrosion 1i titanium parts
operating in aircraft at elevated temperatures in a marine atmosphere. At the
inception of the program, an hypothesis was formulated to explain this based
on the following assumptions:

a. A chemical cell is necessary for stress-corrosion cracking of titani-
um alloys.

b. A nucleation time at elevated temperature is necessary to establish

this cell.

c. Cooling the material changes the chemical cell in some manner.

d. Upon reheating, time is required to renucleate the stress-corrosion

chemical cell before cracking is possible.

If typical flight profiles involve thermal exposure times less than the
nucleation time, stress-corrosion cracking should not occur.

Species of the type TiCl. (primarily TiC1 2) form during hot-salt stress
corrosiono(7*8) and such compounds would be expected to decompose in air at
ambient conditions. thus, a chemical cell involving TiC1 2 might fulfill the
assumptions of the above hypothesis.

Rideout( 9 ) suggested that hydrogen is responsible for hot-salt stress-
corrosion cracking. Hydrogen could evolve from a reaction between TiCl2 and
moisture as follows: TiC12 + H20-.TiOCI2 + 2H, and we have confirmed the

* presence of TiOCI2 by X-ray diffraction measurements.

It is not now clear whether the reaction of sodium chloride and titanium
to form TiC12 or the reaction of TIC12 and moisture to form nascent hydrogen
is responsible for stress-corrosion cracking. In either case, the reaction
kinetics of TiC12 should provide insight into the kinetics for formation of
the chemical cell responsible for stress corrosion.

Accordingly, X-ray diffraction tests were conducted on unstressed, sheet
alloys to determine the time to form TiC12 at elevated temperature and the
time to decompose the compound at room temperature. These alloys were coated
with 0.001 inch of NaC. The standard 0.002 inch coating could not be util-
ized because the diffracted X-ray beams were absorbed by the thicker salt-
layer. The specimens were heated to test temperature in two hours and held
8-12 hours beyond the time required to detect TICl 2. Cooling to room tempera-
ture required approximately 35 minutes.
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The results shown below are semi-quantitative because approximately 3% of
crystalline TiC12 had to be present before it could be detected.

INITIAL HEATING CYCLE RE-HEATING CYCLE
TIME TO F&aM TIME TO DECOMPOSE TIME TO F(M

ALLOY TEMP. TiC12  TiC1 2 AT ROM TEMP. TiC12

TiSlDA 730F 4.5 hrs. ( 1 )  Betwesn 2 & 48 hrs. -----
Ti8llDA 650F 0.5 hrs. 4.5 5 hrs.
Ti8llDA 550F 4.5 hrs. 4.0
Ti64STA 650F 16,17 hrs. 4.5
B120A 650F 0.25 hrs. 5.0 -----

(1) After 6.5 hours at temperature, TiC13 was also detected.

The formation time for TiC12 on Ti8IlDA sheet followed a "C" curve re-
lationship with respect to temperature with the minimum formation time near
650F. Results for the Ti64STA and BI20A sheet alloys indicated that the forma-
tion time for TiC12 was also dependent upon substrate composition ct structure.
However, the time required to decompose the TiC12 at room temperature was as-
sentially constant for all three alloys and appeared to be controlled by diffa-
sion of moisture or oxygen through the layer of salt plus corrosion product.

At 650F, TiC1 2 formed very rapidly on Ti81lDA during the initial heating
cycle. Upon reheating the sample, the time to reform a auch smaller mount of
TiC1 2 increased from 0.5 hours to 5 hours. Thlis effect was prezumably caused
by the partial depletion of NaC1 in intimate contact with artive sites on the
titanium. Thus, formation of TiC:12 probably required diffusion of NaCl and Ti
across the corrosion-product interface formed during tvt initial heating
cycle. The rate for this process would be slower tban the rate of formation
of TiC12 during the initial cycle when NaC1 -nd Ti were in intimate contact.

At 650F, TiC12 formed very rapidly on Ti811DA and D120A and very slowly on
TI64STA compared to the 3-hour hold time at temperature which was eployed for
the cyclic-stress-corrosion tests. The time required to form TiC12 on Ti8l1DA
at 550F was approximately 50 percent longer than the hold time employed for
the cyclic teaus. In addition, the time required to decompose TIC12 on all
three alloys was longer than the cooling time employed for the 550F and 650F
cyclic-ctress-corrosion tests.

It must be appreciated that the nucleation times reported for strass-cor-
rosion cracking actually represented the time tequired to develop the necessary
chemical cell pius the time for the chemical cell and stress to produce a crack
in a given titaniun alloy. Nevertheless, at high stresses the time required
for the chemical cell and stress to produce cracking was apparently quite short
at 550F and 650F, as evidenced by the short stress-corrosion nucleation times
observed.



These results indicate that both the time at elevated temperature and the
time at room temperature are critical factors in cyclic hot-salt stress corro-
sion. This suggests two reasons why the cyclic thermal exposures used for
this program did not eliminate stress corrosion. First, the hold times at
elevated temperature were sufficiently long to permit formation of TiC1 2 and
its interaction with the applied stress to initiate stress corrosion cracks in
some cases. Secondly, the hold time at room temperature was much less than
the time required to decompose TiCl2. As a result, even alloys which required
more than 3 hours at temperature to fo=' detectable amounts of TiCI2 would
eventually form the compound because the hold times at room temperature were
not sufficient to decompose it between successive heatings.

SPECIAL CYCLIC TESTS

To investigate this concept further, several stress corrosion tests were
conducted on smooth tensile specimens of TU811DA sheet at 550F using the
special cycle described beiow (Figure 5):

1. Heating to 550F in 10 minutes.
2. Holding at temperature for one hour avd 45 minutes.
3. Cooling to room temperature in 55 minutes.
4. Holding at room temperature for 5 hours and 10 minutes.

The time at temperature was approximately one-half the time required to
detect by X-ray diffraction, the formation of TiC12 at 550F in this alloy. The
time at room temperature was approximately 30 percent longer than the time re-
quired to decompose TiC12 within the limits of detectability by X.ray diffrac-

tion.

Specimens were tested using a 0.001 inch NaCl coating to provide direct
correlation with the X-ray diffraction data and a 0.002 inch NaCl coating for
correlation with the standard cyclic results. Results are shown in Table XI,
along with comparative data obtained using the standard cycle. The sp..imens
exposed to the modified ;ycle showed no cracking afte r total times-at-tempera-
ture well beyond the cycli. nucleation times obtained using the standard
cycle.

These limited results are highly encouraging because they suggest that
hot-salt stress corroaion may be eliminated, even at high stresses, by con-
trolled thermal cycles. These cycles must be controlled to the extent that the
time at temperature is less than the time to form TiC12 , or if some TiC12
forms, the hold time at room temperature must be greater than the time required

to decompose TiC1 2 , based upon X-ray diffraction measurements.

Whether these allowable cycles are practical in terms of a Mach 3 mission
will depend upor -he reaction kinetics of TiC1 2 for the specific alloy. Addi-
tional effort is needed to establish these reaction kinetics for various alloys
by X-ray diffraction measurements and to further confirm this hypothesis by
additional cyclic .tress-corrosion tests.
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TABLE X1

CYCLIC VUCLEATION TIMES OF Ti-SA1-lMo-lV(DA)

SHEET AT 550F - SPECIAL CYCLE

CYCLIC NUCLEATION CYCLIC NUCLEATION
NaCi COATING TEST TIME - SPECIAL CYCLE(W) TIME - STANDARD
THICKNESS (inch) STRESS (kal) (hours) CYCLE(2) (hours)

0.302 80 >102 43 + 8

0.001 80 > 144 -

0.002 70 > 168 54 + 18

0.001 70 >168

NOTES: (1) Special Cycle:

1. Heating to 550F in 10 winutes.
2. Holding at 550F for one hour and 45 minutes.
3. Cooling to room temperatur. in 55 minutes.
4. Holding at room temperature for 5 hours and 10 minutes.

(2) Standard Cycle:

1. Heating to 550F in 10 minutes.
2., Holding at 550F for 3 hours.
3. Cooling for 50 minutes.

/
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V CONC LA3IONS

1. Hot-salt stress corrosion of fatigue-cracked titanium allo's is not con-
trolled by fracture mechanics because new surface cracks nucleated and
grew in preference to an existing fatigue crack.

2. Of the alloys studied, only Ti8llMA was susceptible to hot-salt stress
corrosion at 450F.

3. Nucleation times for hot-salt stress corrosion werc highly stress-depend-
ent under continuous thermal exposures and under the specified, cyclic,
thermal exposure used in this program. Threshold stress-levels below
which stress corrosion did not occur were essentially equal under con-
tinuous and cyclic exposures.

4. At high stresses, well above threshold levels, continuous and cyclic
stress-corrosion nucleation times were essentially equivalent in most of
the alloys.

5. At high stress levels, continuous and cyclic nucleation times at 650F
were less than a single Mach 3 mission for many alloys. At 550F, con-
tinuous and cyclic nucleation times were generally 8reater than a single
Mach 3 mission, but several orders of magnitude less than the overall
design life of a Mach 3 aircraft.

6. Welding produced no detrimental effects on the stress corrosion behavior
of weldments. Continuous and cyclic stress-corrosion nucleation times
at 550F for welded specimens of Ti8llDA and Ti64STA were substantially
longer than those observed on the parent materials. At 650F, continuous
nucleation times for welded specimens were equal to or slightly longerH than continuous nucleation times for the parent materials, but cyclic

Inucleation times were substantially longer. The behavior of welded
Sspecimens may have been influenced by the pr ;ence f compressive surface

II residual stresses produced during specimen preparation.

7. There is an excellent possibility for eliminating hot-salt stress, corro-
sion even at high stresses if the thermal cycles to which the material is
exposed can be controlled. The time at temperature should be less than
the time to form TiC12 , and the time between cycles at room temperature,

greater than the time required to decompose TiC1 2. X-ray diffraction

techniques may be used to determine the kinetics of the reaction in which

TiCl 2 is formed.
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